This paper investigates the scattering characteristics of the fundamental anti-symmetric (A 0 ) Lamb wave at through holes in composite laminates. Three-dimensional (3D) finite element (FE) simulations and experimental measurements are used to study the physical phenomenon. Unidirectional, bidirectional, and quasi-isotropic composite laminates are considered in the study. The influence of different hole diameter to wavelength aspect ratios and different stacking sequences on wave scattering characteristics are investigated. The results show that amplitudes and directivity distribution of the scattered Lamb wave depend on these parameters. In the case of quasi-isotropic composite laminates, the scattering directivity patterns are dominated by the fiber orientation of the outer layers and are quite different for composite laminates with the same number of laminae but different stacking sequence. The study provides improved physical insight into the scattering phenomena at through holes in composite laminates, which is essential to develop, validate, and optimize guided wave damage detection and characterization techniques.
I. INTRODUCTION
The application of Lamb waves, often called guided waves, has been established as the method of choice for quantitative nondestructive evaluation and structural health monitoring for plate like structures.
1-3 Guided wave techniques have successfully been used to detect fatigue cracks and corrosion damage in metals, debonds in bonded joints, and delaminations in composite laminates. [4] [5] [6] [7] The understanding of the scattering characteristics of guided waves at these damages and at structural features where these damages frequently initiate, in particular fastener holes, is an essential requirement to enable the development and optimization of quantitative damage detection and characterization methodologies for complex engineered structures.
For isotropic materials, different analytical models have been developed to predict the Lamb waves scattering at cylindrical inhomogeneities. Vemula and Norris 8 and McKeon and Hinders 9 presented an analytical solution for anti-symmetric (A 0 ) and symmetric (S 0 ) Lamb waves scattering at cylindrical defects in isotropic plate based on the Mindlin plate theory, respectively. Fromme and Sayir 10 experimentally validated the A 0 Lamb wave scattering by a through hole using classical and Mindlin plate theory. Cegla et al. 11 presented an analytical solution for Lamb wave scattering from a non-symmetric blind hole in isotropic plates using Poisson and Mindlin plate theories. Mode conversion from S 0 to A 0 Lamb wave was considered in the study and the model was validated using experimental measurements. Moreau and Castaings 12 proposed an orthogonality relation to reduce the size of the FE models for the simulation of scattering problems of three-dimensional (3D) Lamb waves in isotropic material. Only a small number of previous 3D analyses are available for composite laminates, especially in the context of the scattering of guided waves at defects or structural features such as fastener holes. 12, 13 This paper investigates A 0 Lamb wave scattering at a through hole with a particular focus on the influence of the laminate stacking sequence on the scattering characteristics. The reason to focus on A 0 Lamb wave is its shorter wavelength compared to corresponding S 0 Lamb wave at the same frequency. This makes it potentially more sensitive to small damage, which is particularly important for damage initiating at fastener holes. In addition A 0 Lamb waves are generally easier activated and have larger signal magnitudes than S 0 Lamb waves at low frequency. Due to these advantageous characteristics, the use of A 0 Lamb waves has recently attracted considerable interest in quantitative damage evaluation. 7, 14, 15 The paper starts by describing the 3D FE simulations and experimental setup for obtaining the scattered Lamb waves at a through hole in a composite laminate in Sec. II. The results of the experimental validation of the FE simulations are presented in Sec. III. The validated FE model is then used in Secs. IV and V to investigate the influence of hole diameter to wavelength aspect ratio and laminate stacking sequence on the wave scattering characteristics. Finally, conclusions are presented in Sec. VI.
II. THREE-DIMENSIONAL FE SIMULATIONS
3D FE method is employed to simulate the Lamb waves propagation and scattering at a through hole of composite a) Author to whom correspondence should be addressed. Electronic mail:
uqcng2@uq.edu.au laminates. The program ANSYS 16 was used to generate the geometry and perform the meshing of the model. The numerical simulations were then solved by explicit FE code LS-DYNA. 17 Composite laminates consisting of 8-ply CycomV R 970/T300 unidirectional carbon/epoxy prepreg lamina but with different stacking sequences are considered in this study. The fiber volume fraction and density of each lamina are 0.55 and 1517 kg/m 3 , respectively. The effective material properties were determined by micromechanical modeling 18 and are given in Table I . The dimension of the FE models is 180 mm Â 180 mm Â 1.6 mm. A circular through hole located at the centre of the laminate is created by removing FE elements. Each lamina was modeled using eight-noded 3D reduced integration solid brick elements with hourglass control. Each node of the solid brick element has three degrees-of-freedom (DoF). A small stiffness-weighted damping was considered to enhance the numerical stability and simulate the damping effect of the composite material. The A 0 Lamb wave is excited by applying out-of-plane nodal displacement to the surface nodes covered by a half circle (5 mm diameter) transducer area (as shown in Fig. 1 ). The transducer is located 90 mm away from the centre of the through hole. The excitation signal is a 140 kHz narrowband six-cycle sinusoidal tone burst pulse modulated by a Hanning window. The A 0 Lamb wave signals at particular locations are obtained by monitoring the out-of-plane nodal displacement of the nodes located at the mid-thickness of the laminate. This ensures that only the A 0 Lamb mode is detected as the S 0 and SH 0 Lamb modes have zero out-ofplane displacement at the mid-thickness location. Composite laminates with different stacking sequences are considered in this paper. The theoretically calculated wavelengths at 0 direction are between 7.1 and 9.8 mm depending on the stacking sequence of the laminates. A summary is given in Table II . A very fine mesh is used for the whole model in which the elements have in-plane square shape with dimensions 0.4 mm Â 0.4 mm, which guarantees that more than 17 nodes exist per wavelength in any propagation direction in any composite laminate which is substantially more than the minimum requirement of ten nodes stated in the literature. 7, 19, 20 The thickness of each solid element is 0.2 mm which results in an aspect ratio of two for the solid elements. A convergence study confirmed that simulation results using elements with aspect ratio 2 have the identical accuracy compared to cubic elements. The total number of solid brick elements is approximately 1.62 million and the models have in the order of 10 million DoF and require around 6 h to solve. The time step is automatically controlled by ANSYS/LS-DYNA depending on the smallest element size. It is approximately 20 ns, which is sufficient to capture any A 0 as well as S 0 Lamb wave propagation. The hourglass energy was guaranteed less than 2% of the internal energy for all simulations which ensures the accurate prediction of the scattered Lamb waves. 21 Figure 2 shows typical time snapshots of the FE simulated out-of-plane displacement for a [45/À 45/0/ 90] S quasi-isotropic composite laminate. Figure 2(a) shows the A 0 Lamb wave soon after excitation. Figure 2(b) shows the scattering of the Lamb wave at a through hole. The scattered Lamb waves generated at the hole is clearly visible.
A. Scattered Lamb waves extraction
By carrying out two simulations with the same meshing for the identical laminate with and without hole, the scattered wave generated from the interaction of the incident wave with the hole can be extracted and completely separated from the incident waves by 
where u ðDÞ r;h ðtÞ and u ðUÞ r;h ðtÞ are the numerically calculated outof-plane displacement components of Lamb waves at location (r, h) for the laminate with and without hole, respectively. u ðSÞ r;h ðtÞ is the out-of-plane displacement components of extracted scattered Lamb waves from a through hole. r and h are the radial and azimuthal coordinates of the cylindrical coordinate system shown in Fig. 1 .
For determining the scattering directivity pattern (SDP), the out-of-plane displacement of 36 nodal points at r ¼ 40 mm and 0 h 360 with 10 step increments are calculated for both intact and damaged composite laminates. As the monitoring locations are many incident wavelengths away from the excitation, the generated evanescent waves are not TABLE I. Effective material properties of CycomV R 970/T300 prepreg lamina. Table I ) was used to validate the results from FE simulations. The dimension of the composite laminate is 600 mm Â 600 mm Â 1.6 mm. A piezoceramic disk (Ferroperm Pz27) with 5 mm diameter and 2 mm thickness was adhesively bonded to the composite laminate to excite the A 0 Lamb wave. The piezoceramic disk was located at r ¼ 90 mm and h ¼ 180
. The excitation signal is a 140 kHz narrow-band six-cycle sinusoidal tone burst pulse modulated by a Hanning window which is identical to the numerical simulation. The excitation signal is generated by a computer controlled arbitrary waveform generator (Stanford Research DS345, Sunnyvale, CA) with 10 V peak-to-peak output voltage. A power amplifier (Krohn Hite model 7500, Brockton, MA) was used to amplify the excitation signal by a factor of 10-50 before it was applied across the electrodes of the piezoceramic transducer. The out-of-plane displacements were measured by a laser Doppler vibrometer (OFV 303/OFV 3001, Polytech GmbH, Waldbronn, Germany) and a thin reflective tape was attached to the surface of the laminate to enhance the optical backscatter laser beam. The laser head was positioned by a computer controlled positioning system (Newport ESP 300, Irvine, CA). The measured out-of-plane displacement was then captured by a Tektronix TDS420A (Portland, OR) oscilloscope and transferred to a computer for analysis. The setup is shown in Fig. 3 . The quality of each measurement was improved by applying a bandpass filter and averaging the signals over 1000 acquisitions. The scattered wave from the through hole was extracted using the method described in Sec. II A. It should be noted that the material properties of composite laminates, the size of the transducer, the location of the transducer, and the measurement relative to the center of the through hole are identical to the numerical simulations to ensure a direct comparison between the results from the numerical simulations and the experimental measurements.
B. Propagation of Lamb waves
The FE simulated Lamb waves were first validated by the experimental measurements to ensure the accuracy of the simulation results. The group velocity of each excitation frequency is estimated from the energy density spectrum of the measured out-of-plane displacement which is calculated by using the continuous Gabor wavelet transform. 23, 24 By convolving the measured out-of-plane displacement u(t) with the translation p and dilation q, the continuous wavelet transform coefficient WT(p,q) can be obtained as where
The asterisk denotes the complex conjugate and w(t) is the mother wavelet which is chosen to be the Gabor function defined as
The values of x 0 and k influence the resolution in the time-frequency analysis and are usually chosen as 2p and p ffiffiffiffiffiffiffiffiffiffiffiffiffi 2= ln 2 p % 5:336, respectively. 23 The energy density spectrum is calculated as jWT(p,q)j 2 . It indicates the energy distribution of the measured signal u(t) around t ¼ p and x ¼ x 0 /q which provides an accurate and powerful tool for evaluating the arrival time of Lamb waves at the excitation frequency. As shown in Fig. 4(b) , excellent agreement is found between the theoretical, FE simulation, and experimental results.
Figure 4(c) compares the decay of the numerically simulated and experimentally measured incident Lamb wave for 10 mm r 150 mm and h ¼ 0 . The measurement was carried out at three different locations to detect possible spatial dependence of the composite laminate. The out-of-plane amplitude is normalized by the amplitude measured at r ¼ 10 mm to enable comparison between the numerically simulated and experimentally measured results. The figure shows that the three measurements at the same distance away from the excitation centre are slightly different to each other but the variation is minimal indicating the good quality of the manufacturing process. The numerical simulation gives an excellent prediction of the amplitude decay of the Lamb waves. Figure 5 shows a polar directivity plot of the maximum absolute incident Lamb wave amplitude at r ¼ 40 mm and 0 h 360 with 10 step increment. The amplitude at each direction was normalized by the mean of the maximum absolute amplitudes of all directions. This leads to a direct comparison of the results between the numerical simulation and experimental results. Very good agreement is found between the numerical simulations and experimental results. It should be noted that although the angular distribution of phase and group velocity for quasi-isotropic composite laminates are almost isotropic for A 0 Lamb wave, 25 the angular distribution of the wave amplitude is anisotropic. This indicates that the energy flow of the Lamb waves is influenced by the stacking sequence of the composite laminate. 26, 27 The scattering energy is mainly focused around h ¼ 45 and À 45 indicating that the energy flow of the A 0 Lamb wave tends to be focused along the fiber directions of the outer laminate.
C. Scattering directivity pattern
Section III B demonstrated that the FE simulation is able to accurately predict the Lamb wave propagation characteristics in composite laminates. This section validates the FE simulation for Lamb wave scattering at through holes for three different hole sizes (3 mm, 5 mm, and 8 mm diameter).
The corresponding through hole diameter (d) to wavelength (k) ratios (R
are 0.38, 0.63, and 1.01. The through holes were generated by using solid carbide eightfacet special purpose drills for composite laminate machining. Figure 6 shows a comparison of the SDP between the FE simulated and experimental measured data. It can be seen that there is very good agreement between the FE and experimental results. This shows that the FE simulation is able to accurately predict the SDP of a through hole. It can be seen that backward scattering is dominating for small R TW but forward scattering is becoming more preponderant for larger R TW . The effect of the hole diameter on the scattering characteristics will be discussed in Sec. IV.
IV. INFLUENCE OF DAMAGE SIZES
This section employs the experimental validated FE model to investigate the influence of the through hole size on , and 220 have similar characteristics. The general trend is an increase in amplitude for increasing R TW with slight variations around these trend lines. Different to the forward scattering, the amplitudes of the backward scattering angle h ¼ 180 are smaller than those of h ¼ 140 and 220 , a phenomenon that does not exist in isotropic material. This behavior is due to the anisotropic nature of composite laminates in which the scattering energy tends to concentrate around the fiber directions of the outer two laminae. More quantitative and detailed results will be discussed in Sec. V. For h ¼ 100 and 260 , the amplitude exhibits a larger variation and slower increase with R TW compared to h ¼ 140 , 180 , and 220 . Figure 7 (c) shows the backward (h ¼ 180 ) to forward (h ¼ 0 ) scattering amplitude ratio as a function of R TW . The backward scattering amplitudes are larger than the forward scattering amplitude for small R TW . However, the forward scattering amplitude becomes larger when R TW is larger than approximately 0.38. The trend of the backward to forward scattering amplitude ratio is reversed when R TW is approximately 0.6. Beyond R TW ¼ 0.6, the amplitude ratio continues to decrease with slight variations and at a slower rate.
V. INFLUENCE OF STACKING SEQUENCE
This section investigates the effect of different stacking sequences on the A 0 Lamb wave scattering at through holes. Nine composite laminates containing eight layers of CycomV R 970/T300 unidirectional carbon/epoxy prepreg lamina but with different stacking sequences are considered. Table II shows a summary of the stacking sequences and the corresponding wavelengths at h ¼ 0
. Figures 8 and 9 show the SDPs of the laminates with different stacking sequences for R TW ¼ 1.01. Figure 8 Figures 10 and 11 show the scattering amplitude as a function of both R TW and h using two-dimensional (2D) contour plot for a unidirectional, bidirectional, and quasi-isotropic composite laminate, respectively. The white dashed lines in Fig. 10 indicate the fiber directions of each lamina. Similar to the observation reported in Sec. IV, it can be seen that the forward scattering always dominates for larger R TW for all considered stacking sequences (as shown in Figs. 10 and 11 ). In addition, the contour plots illustrate that the scattering energy is also enhanced around the fiber direction, especially for larger R TW . For example, the energy is enhanced around Figure 12 shows the normalized amplitude as a function of R TW for h ¼ 0 and 180 . Basically, most of the stacking sequences have similar scattering characteristics for forward and backward scattering amplitudes but the magnitudes are different. For h ¼ 0 , the scattering amplitude increases almost linearly with R TW . In the case of h ¼ 180 the scattering amplitude shows some slight variation superimposed on a general increasing trend line. An interesting observation is that there exists a strong relation between the scattering magnitude and wavelength of the incident A 0 Lamb wave at h ¼ 0 . The third column of Fig. 12 . This implies that the scattering magnitude depends on the wavelength of the incident A 0 Lamb wave in addition to the through hole diameter to wavelength ratio R TW . 
VI. CONCLUSIONS
The scattering characteristics of the A 0 Lamb wave at a through hole in composite laminates were studied in this paper. It has been demonstrated through experimental validation that 3D FE analysis is able to accurately predict Lamb wave propagation and scattering. The results of parameter studies investigating the influence of hole diameter to wavelength ratio and laminate stacking sequence on the wave scattering characteristics show that amplitude and directivity distributions of the scattered Lamb wave depend on these parameters. In the case of quasi-isotropic composite laminates, the scattering patterns are dominated by the fiber orientation of the outer layers and are quite different for composite laminates that have the same number of laminae but different stacking sequences. Both FE simulation and experimental measurements were used to gain understanding of the A 0 Lamb wave scattering characteristics. A series of parametric studies were carried out to investigate the through hole size effect on the scattered Lamb wave. The results show that the amplitude and the directivity of the scattered Lamb wave depend on R TW .
The results of this study provide improved physical insight into the scattering phenomena of A 0 Lamb wave at through holes in composite laminates, which is essential to further advance the development, validation, and optimization of guided wave damage detection and characterization techniques for composite materials. 
